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a b s t r a c t
The performance of ceria supported Rh catalysts prepared with high and low surface areas for steam
reforming and dry reforming of ethanol was investigated. According to results of diffuse reﬂectance
infrared Fourier transform spectroscopy of both reactions, dissociative adsorption of ethanol over ceria
gives rise to ethoxy species and bridging OH groups. Oxidation of ethoxy species proceeds by addition
of O provided by the support from species such as Type II bridging OH groups (i.e., steam reforming) orvailable online 2 December 2010
eywords:
ydrogen production
O2 reforming of ethanol
team reforming of ethanol
O adatoms (e.g., CO2 reforming). Rh promotes demethanation of acetate to carbonate and the steam/dry
reforming of CHx species.
Catalyst deactivation occurs from the deposition of carbon on the catalysts during both reactions. How-
ever, no carbon formation is observed on the Rh/CeO2 high surface area catalyst during steam reforming
due to a higher surface fugacity of O from species adsorbed on the support that react to remove carbon.h/CeO2 catalyst
arbon formation
. Introduction
The conventional routes for hydrogen production from ethanol
re: steam reforming (SR) (Eq. (1)); partial oxidation (POX) (Eq.
2)) and oxidative steam reforming (OSR) (Eq. (3)) of ethanol [1,2].
lthough these reactions have been studied extensively [1–7], cat-
lyst stability is still an important issue. The formation of carbon is
signiﬁcant challenge in the development of suitable catalysts for
thanol conversion reactions to produce hydrogen for PEM fuel cell
pplications.
2H5OH + 3H2O → 2CO2 +6H2 (1)
2H5OH + 1.5O2 → 2CO2 +3H2 (2)
2H5OH + (3−2x)H2O+ xO2 → 2CO2 + (6−2x)H2 0 < x < 0.5
(3)2H5OH + CO2 → 3CO + 3H2 (4)
An alternative route is the CO2 reforming of ethanol, also known
s dry reforming (DR) (Eq. (4)). This reaction is highly endothermic
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and carbon formation may also occur. However, hydrogen may be
produced through this reaction without carbon formation depend-
ing on reaction conditions (reaction temperature, CO2/ethanol
molar ratio) and catalyst used [8].
However, there are fewstudies reported in the literature regard-
ing the dry reforming of ethanol [8–11]. Thermodynamic analysis
of DR of ethanol evaluated the effect of reaction temperature and
CO2/ethanol molar ratio on the yields of products at equilibrium
[8,10]. For example, carbon formation is not thermodynamically
favored above 973K at CO2/ethanol molar ratios higher than 3:1.
Decreasing the CO2/ethanol molar ratio to 1.0, carbon formation is
observed even at 1123K [8]. Jankhah et al. [8] anddeOliveira-Vigier
et al. [9] reported the use of stainless steel as a catalyst for DR of
ethanol at various CO2/ethanol molar ratios and reaction tempera-
tures (773, 823 and 873K). Carbon ﬁlaments were always formed
for all the reaction temperatures examined. The highest yields of
H2 and carbon ﬁlaments, as well as CO2 conversion, were obtained
at 823K. DR of ethanol was carried out over Ni/Y2O3–ZrO2 cata-
lysts [11] containing two Ni contents (5 and 10wt.%). Regardless of
reaction temperature, the catalysts signiﬁcantly deactivated due to
carbon deposition. Increasing reaction temperature decreased the
amount of carbon formed.
Therefore, the design of an appropriate catalyst for this reac-
Open access under the Elsevier OA license.tion is still a challenge. Rh catalysts have been extensively used for
SR and OSR of ethanol due to the high activity of Rh for C–C bond
breaking [12–18]. However, in past studies, supported Rh catalysts
underwent signiﬁcant deactivation during SR of ethanol, mainly
attributed to carbon deposition [14–17]. Nevertheless, the addi-
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ion of oxygen to the feed improved catalyst stability. In particular,
h/CeO2 exhibited high stability during OSR, which was attributed
o the high oxygen mobility of the support [17,18]. Thus, the use of
O2 as an oxidant could also improve catalyst stability during SR of
thanol. In fact, studies in the literature report that Rh is very active
or CO2 dissociation [19] and it is able to effect the CO2 reforming
f CH4 in the temperature range of 873–1173K without carbon
eposition [20]. Therefore, Rh is a promising candidate for the dry
eforming of ethanol.
The aim of this work was to study the performance of Rh/CeO2
atalyst for the SR, DR and the combined reforming of ethanol. The
ffect of H2O/ethanol and CO2/ethanol molar ratios on the stability
fRh/CeO2 catalystduringSRandDRofethanolwereevaluated. The
ole of labile oxygen from the ceria support on the stability of ceria
upportedRhcatalystswithdifferentoxygenstoragecapacitieswas
lso investigated.
. Experimental
.1. Catalyst preparation
The ceria-supported Rh catalysts were prepared from two
erium oxide samples, obtained by two different methods:
(i) A lowsurfacearea ceriumoxide (CeO2-LS:14m2/g): cerium(IV)
ammonium nitrate was calcined in a mufﬂe furnace at 1073K
for 1h. The ramp rate used was 5K/min.
ii) Ahigh surfacearea ceriumoxide (CeO2-HS:275m2/g): the sam-
ple was prepared through a method proposed by Chuah et al.
[21]. At ﬁrst, an aqueous solution of cerium (IV) ammonium
nitrate was prepared. Then, it was slowly added to an ammo-
nium hydroxide solution and the pH was maintained in the
range of 10–14. After precipitation, the material was heated to
369K and held at this temperature for 96h. The precipitate was
collected by centrifugation. Finally, the material was washed
until the ﬁltrate achieved a pH of 7 and dried at 393K for 12h.
Then, the sample was calcined in a mufﬂe furnace at 773K for
12h. A ramp rate of 1K/min was used.
The catalystswere prepared by the incipientwetness impregna-
ion. Rhodium (1wt.%)was added to CeO2-LS andCeO2-HS using an
queous solution of RhCl3. After impregnation, the samples were
ried at 393K and calcined under ﬂowing air (50mL/min) at 673K
or 2h. Two catalysts were obtained: Rh/CeO2-LS and Rh/CeO2-HS.
.2. Oxygen storage capacity (OSC)
Oxygen storage capacity measurements were carried out using
multipurpose unit connected to a quadrupole mass spectrometer
Balzers,Omnistar). Each sample (100mg)was reducedunderﬂow-
ng H2 at 773K for 1h. Then, it was cooled to 723K and a 5% O2/He
ixture was passed through the catalyst until uptake of oxygen
eached saturation. The reactor was purged with He and the dead
olume was obtained by switching the gas to the 5%O2/He mix-
ure. Finally the amount of oxygen consumed by the catalyst was
alculated by taking into account a previous calibration of the mass
pectrometer.
.3. Diffuse reﬂectance infrared spectroscopy (DRIFTS)DRIFTS spectra were recorded using a Nicolet Nexus 870
pectrometer equipped with a DTGS-TEC detector. A Thermo
pectra-Tech cell capable of high pressure/high temperature oper-
tion and ﬁttedwith ZnSewindows served as the reaction chamber
or in situ adsorptionand reactionmeasurements. Scanswere takennvironmental 102 (2011) 94–109 95
at a resolution of 4 to give a data spacing of 1.928 cm−1. Depending
on the signal-to-noise ratio, the number of scans ranged from 256
to 1024. The amount of catalyst was ∼40mg.
Samples were ﬁrst reduced in 200mL/min H2:He (1:1) at 773K
for 1h. A temperature ramp of 10K/min was used. The catalyst was
purged in ﬂowing He at 773K, prior to cooling in ﬂowing He to
313K.
For ethanol adsorption and SR reaction tests, He was bubbled
at ∼15mL/min through a saturator ﬁlled with ethanol and held at
273K. For SR tests, a second helium stream (∼15mL/min) was bub-
bled througha saturatorﬁlledwithwater andheldat298K. The two
steams were joined at a tee-junction, prior to which 1psig check
valves were placed on the lines to prevent a back-ﬂow condition.
The saturator gas ﬂows and temperatures were set to provide a
H2O:CH3CH2OH stoichiometric ratio of 2:1.
For CO2 co-feeding experiments, 15mL/min of He was ﬂowed
through each saturator and 6mL/min of 15% CO2/He was co-fed to
adjust the CO2/CH3CH2OH ratio to 4.0.
Adsorption/reaction measurements were started in the range of
313–323K, and then the temperature was increased at 10K/min,
pausing at intervals to record spectra at 373, 473, 573, 673 and
773K. To explore the deactivation of the catalyst, the changes
in spectra were monitored as a function of TOS by ﬂowing the
ethanol/H2O mixture at 773K for approximately 6h.
2.4. Raman spectroscopy
Raman was used to characterize the nature of carbon formed
over Rh/CeO2 catalyst after 6 and 30h of reaction (TOS). The
Raman spectra were recorded using a LabRam HR-UV800/Jobin-
Yvon, equippedwith thermal conductivitydetector (cooledat153K
with liquid N2) and excitation source of 632nm.
2.5. Electron microscopy
Electronmicroscopy studieswere performedusing a JEOL2010F
STEM outﬁtted with a URP pole piece, GATAN 2000 GIF, GATAN
DigiScan II, Fischione HAADF STEM detector, and EmiSpec EsVision
software. STEM images were acquired using the high resolution
probe at 2 A˚. EELS spectrum imaging was performed using the 1nm
probe, an alpha of 30mrad, and a beta of 6mrad. Catalysts were
reduced in hydrogen at 773K for 1h, cooled to room temperature
in helium, and thenpassivatedwith 1%O2/He. Sampleswere lightly
dusted onto 200-mesh Cu grids coated with lacy carbon prior to
analysis.
2.6. Reaction conditions
SR was performed in a ﬁxed-bed reactor at atmospheric pres-
sure. Prior to reaction testing, catalysts were reduced at 773K
for 1h and then purged under N2 at the same temperature for
30min. All reactionswere carriedout at 773Kand twoH2O/ethanol
molar ratios (3.0 and 10.0) were utilized. The reactant mixtures
were obtained using two saturators containing water and ethanol,
which were maintained at the temperature required to obtain
the desired H2O/ethanol molar ratio. The reactant mixture was
obtained by ﬂowing two N2 streams (30mL/min) through each
saturator containing ethanol and water separately. The partial
pressure of ethanol was maintained constant for all experiments.
The variation of partial pressure of water was compensated by a
decrease in the partial pressure of N2. SR was also performed in the
presence of CO2. In this case, the reactant mixture was obtained
by ﬂowing a N2 stream through a saturator containing ethanol
(30mL/min) and CO2 stream through a saturator containing water
(30mL/min), which corresponds to a CO2/ethanol molar ratio
of 4.0.
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DR was carried out by ﬂowing N2 stream through a satura-
or containing ethanol (30mL/min) and another ﬂux containing
.1mL/min of CO2 and 26.9mL/min of N2 in order to obtain the
O2/ethanol molar ratio of 1.0. The CO2/ethanol molar ratio of
.0 was obtained by ﬂowing N2 through an ethanol saturator and
nother ﬂux containing 12.4mL/min of CO2 and 17.6mL/min of N2.
In order to observe catalyst deactivation within a short period
f time, a small amount of catalyst was used (20mg). The sam-
les were diluted with inert SiC (SiC mass/catalyst mass =3.0). The
eaction productswere analyzed by gas chromatography (MicroGC
gilent 3000 A) containing two channels for dual thermal conduc-
ivity detectors (TCD) and two columns: a molecular sieve and a
oraplot U column. Ethanol conversion and selectivity to products
ere determined from:
ethanol =
(nethanol)fed − (nethanol)exit
(nethanol)fed
× 100 (5)HS catalysts reduced at 773K and passivated under an O2/He mixture.
Sx = (nx)produced(ntotal)produced
× 100 (6)
where (nx)produced =moles of x produced (x=hydrogen, CO, CO2,
methane, acetaldehyde or ethene) and (ntotal)produced =moles of
H2 +moles of CO+moles of CO2 +moles of acetaldehyde+moles of
ethene (the moles of water produced are not included).
3. Results and discussion
3.1. Electron microscopyFig. 1 provides a composite image for the Rh particles supported
on low and high surface area ceria. The image is divided into TEM
and STEM images, whereby Fig. 1a and b is HR-TEM micrographs
of the low surface area material, where coarse CeO2 grains are
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Fig. 2. DRIFTS spectra of adsorbed ethanol obtai
bserved. In Fig. 1b, arrows point to some of the Rh clusters, which
all in the size range of 5–20nm.
Fig. 1c and d provides HR-TEM images of the high surface area
eria. While Fig. 1c reveals that the CeO2 particle size is very
niform at 4 to 5nm size, Fig. 1d illustrates the high degree of
rystallinity of the ceria nanodomains. Fig. 1e is a STEM image and
llustrates the uniformity of the ceria nanodomains and also high-
ights select areas with Rh nanoparticles that are circled in red.
he Rh particle size range on the high surface area CeO2 support
as more narrowly deﬁned and varied from 4 to 8nm, suggest-
ng that the Rh particles are about the same size or slightly larger
han CeO2 support crystallites. Finally, Fig. 1f is an EDX scan indi-
ating the presence of Rh as analyzed in the red circled areas
n Fig. 1e.
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3.2. Reaction mechanism
For the case of the Rh/CeO2-LS catalyst, the single beam inten-
sity spectrum of the background allowed for valid measurements
to be taken as low as 775 cm−1 wavenumbers. However, in the
case of Rh/CeO2-HS, signiﬁcant absorption of the catalyst occurred
in the background below 1100 cm−1. The range above 1100 cm−1
did not suffer from excessive absorption in the background. Thus,
the changes in band intensities in the range of 1100–3100 cm−1
were used to infer relative changes taking place on the catalyst
surface, whereas the bands (e.g., ethoxy species) in the range
1000–1100 cm−1 were only examined in a qualitative manner to
assist in species identiﬁcation, in conjunction with observable
bands in the range 1100–3100 cm−1.
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.2.1. DRIFTS analysis of ethanol desorption
DRIFTS analysis of the TPD of ethanol over the Rh/CeO2-LS cat-
lyst is shown in Fig. 2. At 313K, bands at 1037, 1074, 1394, 1451,
883, 2907, 2935, and 2977 cm−1 correspond to vibrational modes
f ethoxy species formed fromethanol dissociation [22–26]. Ethoxy
pecies are proposed to adsorb over Ce cations in bidentate and
onodentate modes [24], and are shifted to lower wavenumbers
hen the adsorption site is in closeproximity to anoxygenvacancy.
hehigh intensityof the lowerwavenumberbandassigned to(CO)
f the adsorbed ethoxy species suggests a Type II species, the ana-
og of Type II methoxy species adsorbed over ceria after reduction
f the ceria surface shell [27–29].
During ethanol adsorption, decreases in bands between 3600
nd 3700 cm−1 (not shown) indicate that ethanol adsorption dis-
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ig. 5. DRIFTS spectra obtained on Rh/CeO2-HS catalyst at different temperatures and unwavenumber (cm-1)
er the reaction mixture containing ethanol and water (H2O/ethanol ratio =2.0).
placesH2Odissociated atO vacancies in the formof Type II bridging
OH groups [30].
According to the literature, at least two major routes occur-
ring for the decomposition of ethanol should be considered.
Over Rh(111) surfaces, ethanol decomposition may occur by
an oxametallacycle intermediate, which directly decomposes
to methane and CO [31]. Also, over many metal/ceria cata-
lysts [31], ethanol decomposition is suggested to proceed by
way of dehydrogenated intermediates (e.g., acetaldehyde and
acetyl species), which further decompose to produce CO and
CHx species. Unfortunately, the bands associated with the ﬁve-
membered ring oxametallacycle species above 1000 cm−1 are
similar to the bands related to ethoxy species and could not be
distinguished.
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The bands between 2100 and 1800 cm−1 are attributed to the
(CO) vibrational modes of rhodium carbonyl species [32]. The
aximumof the series of bands is positionedat 2033 cm−1 at 313K,
ut shifts to higher wavenumbers (2049 and 2051 cm−1) at 373
nd 473K, respectively, with increasing coverage, before shifting
gain to lower wavenumbers (2019, 2016, and ﬁnally 2010 cm−1)
t even higher temperatures, where the coverages decrease signif-
cantly. This is in agreement with CO formation arising from either
irect decomposition of ethoxy species or indirect decomposition
y way of acetaldehyde and/or acetyl intermediates. An asymmet-
ic band in the range of 1608–1690 cm−1 between 313 and 473K
nd decreasing above 373K may indicate the (CO) band of either
dsorbed acetyl or acetaldehyde species [33].
Care must be taken when examining the TPD results of
he Rh/CeO2-HS catalyst, due to excessive absorption in thewavenumber (cm-1)
under the reaction mixture containing ethanol and CO2; (a) and (b) CO2/ethanol
background at low wavenumbers (Fig. 3). This background
artifact precludes the ability to link band intensity changes
to coverage changes in that particular range. At low to
moderate temperatures (313–473K), bands of ethoxy species
are evident (1046–1052 cm−1; 1070 cm−1; 1393–1395 cm−1;
1454 cm−1; 2877–2879 cm−1; 2903–2904 cm−1; 2932–2935 cm−1;
and2972–2977 cm−1). Judgingby theethoxyband intensities in the
C–H stretching range – and not the low wavenumber C–O stretch-
ing range, as previously discussed – there appears to be a higher
coverage of ethoxy species at each temperature for the high surface
area catalyst. Moreover, (CH) bands indicative of ethoxy/acetate
species are still detectable even at 573K for Rh/CeO2-HS, whereas
they are absent for the low surface area counterpart.
Regarding the series of (CO) vibrational modes of rhodium car-
bonyl species [32], the band maximum is positioned at 2019 cm−1
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t 313K, but shifts to higher wavenumbers – 2031 and 2044 cm−1
t 373 and 473K, respectively – with increasing coverage; the
aximum then shifts to lower wavenumbers (2032, 2020, and
nally 2004 cm−1) at higher temperatures (573, 673, and 773K),
here coverage decreases. These band positions are between 10
nd 20 cm−1 lower than observed for the case of the low surface
rea catalyst and likely reﬂect smaller particles.
Again, changes in rhodium carbonyl band intensities indicate
O formation from direct and/or indirect decomposition of ethoxy
pecies. An asymmetric band in the range of 1627–1662 cm−1
etween 313 and 473K and decreasing above 473K may be
ssigned to adsorbed acetyl or acetaldehyde species [33].
At higher temperatures, the bands on the high surface area
atalyst are visible. At 573K, a series of bands in the (OCO)
ange include 1343, 1430, 1465, and 1554 cm−1. C–H stretch-
ng bands are discernible at that temperature, too (2884, 2940,
nd 2974 cm−1). The results suggest a low coverage (note: the
ssignment of a low coverage is made based on comparison with
team reforming conditions to be discussed) of dehydrogenated
pecies oxidized to acetate (assignments: 2960–2983, 2878–2880,
304–1350, 1425–1426, 1545–1580 cm−1), and then carbonate
pecies (assignments: 1527–1568, 1423–1442, 1341–1353 cm−1).
ote that the bands in the range of 1340–1570 cm−1 are due
Scheme 2.
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0
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Fig. 7. Ethanol conversion (Xethanol) and product distributions versus TOS
obtained for SR over (a) CeO2-LS and (b) CeO2-HS. Reaction conditions:
mass of catalyst = 20mg; H2O/ethanol molar ratio =3.0; Treaction = 773K; residence
time=0.02g s/mL.
to the (OCO) symmetric and asymmetric vibrational modes of
acetate/carbonate species formed from oxidative dehydrogenation
of the ethoxy species. This may involve dehydrogenation of ethoxy
species to either acetaldehyde or acetyl species, and oxidation by
either O* adatoms supplied by the support [22] or by support-
bound –OH species associated with the Ce3+ centers [12,27,30]; in
this case, the latter is more likely considering that the catalyst was
ﬁrst H2-reduced – a process which covers the surface of ceria with
defect-associated bridging OH groups [28].
The comparison between the DRIFTS spectra of both catalysts
revealed the presence of bands corresponding to the different
vibrationalmodes of acetate/carbonate species on Rh/CeO2-HS cat-
alyst whereas these bands were not detected for the Rh/CeO2-LS
catalyst. Since there is no oxygen in the feed, the oxidation of
ethoxy into acetate species must be supplied by oxygen from the
support and involves surface O from either O adatoms or surface
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.2.2. DRIFTS analysis under SR reaction conditions
Under SR conditions, signiﬁcant differences are noted relative
o the ethanol TPD results. Examining the Rh/CeO2-LS data (Fig. 4),
thoxy bands (1033–1049, 1074–1089, 1394–1401, 1445–1454,
883–2884, 2901–2907, 2931–2936, and 2975–2978 cm−1) dom-
nate the spectra in the range of 313–473K and the coverage of
thoxy species decreases signiﬁcantly with increasing tempera-
ure. Rhodiumcarbonyl displays an increasing coverage up to 473K
nd thendecreases above that temperature. Shifts in the bandmax-
mum (higher wavenumbers at higher coverage) reﬂect changes
n coverage (313–1995 cm−1; 373–2032 cm−1; 473–2038 cm−1;
73–2019 cm−1; 673–2014 cm−1; and 773–1957 cm−1). Again,
hanges in rhodium carbonyl band intensities reﬂect CO forma-
ion from direct and/or indirect (i.e., via acetaldehyde and/or acetyl
pecies) decomposition of ethoxy species.
An asymmetric band in the range of 1614–1627 cm−1 between
13 and 473K and decreasing above 473K may be assigned to
dsorbed acetyl species [33], but this is complicated by the fact
hat the bending mode of water appears in this range.
The main difference between SR and ethanol TPD is that
cetate (1025–1026 cm−1; 1346–1348 cm−1; 1422–1430 cm−1;e / h
: (a) ED (H2O/ethanol molar ratio =0.0) over Rh/CeO2-HS catalyst; (b) SR of ethanol
tio =3.0) over Rh/CeO2-HS (Treaction = 773K and residence time=0.02g s/mL).
1533–1541 cm−1; 2881–2884 cm−1; 2932–2938 cm−1;
2969–2973 cm−1) forms readily during SR and reaches high
coverages by 573K. This is likely due to the increased availability
of adsorbed O from the higher density of –OH groups present,
which reacts with dehydrogenated intermediates (i.e., acetalde-
hyde and/or acetyl) to form acetate. Acetate is still detected at
773K on the Rh/CeO2-LS catalyst, though the presence of carbonate
– a product of acetate demethanation – at that temperature gives
asymmetric character to the bands. Gas phase CO2 (∼2350 cm−1),
CO (∼2143 cm−1), andmethane (∼3013 and 1304 cm−1) are readily
detected at 673K. While CO2 and methane are direct products of
acetate demethanation, CO may be formed from either reverse
shift or the CO2 reforming of methane.
There are important similarities and differences between the
Rh/CeO2-LS (Fig. 4) and Rh/CeO2-HS (Fig. 5) catalysts. As with the
Rh/CeO2-LS catalyst, at 313K, dissociated ethanol is detected over
Rh/CeO2-HS. Note again that care must be taken regarding the C–O
bandof ethoxy species in the Rh/CeO2-HS catalyst. Due to excessive
absorption in the background at low wavenumbers, intensities are
not reﬂective of coverage in that range. Rather, the bands at high
and moderate wavenumbers should be used to address the issue
of coverage changes. In sharp contrast to the case of the Rh/CeO2-
LS catalyst, the intensities of ethoxy species decrease markedly at
373K and are barely detected at 473K over the Rh/CeO2-HS cata-
lyst. This suggests that the steady state coverage of ethoxy species
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s signiﬁcantly reaction rate limited at 473K – i.e., the turnover rate
s faster for the case of the Rh/CeO2-HS catalyst.
The intense asymmetric band in the range of 1614–1632 cm−1,
rominent between 313 and 373K but becoming a shoulder which
ecreases signiﬁcantly at higher temperatures, is likely assigned to
dsorbed acetyl species [33]; however, note that the bending mode
f water also appears in this range.
As in the case of the Rh/CeO2-LS catalyst, rhodium carbonyl
ands increase in intensityup to473Kand thendecreaseabove that
emperature due to decomposition of ethoxy and dehydrogenated
ntermediates. Positions of band maxima are consistent with cov-
rage changes (313–2019 cm−1; 373–2019 cm−1; 473–2032 cm−1;
−1 −1 −173–2019 cm ; 673–2015 cm ; and 773–2006 cm ).
Acetate (1443–1454 cm−1; 1554–1564 cm−1; 2881–2884 cm−1;
933–2940 cm−1; 2975–2977 cm−1) develops at much lower tem-
eratures on the Rh/CeO2-HS catalyst. While it is detected at
13K, it is most prominent at 373K; judging by the low inten-nvironmental 102 (2011) 94–109
sity of C–H stretching bands at 473K and absence of these bands
at 573K and higher, the intense (OCO) bands (1497–1504 cm−1;
1419–1430 cm−1) at 473K and above are likely due to carbonate
formation. This low temperature of carbonate formation indicates
higher activity of the Rh/CeO2-HS catalyst for converting acetate,
and is consistent with the lower temperature appearance of the
gas phase CO2 band at ∼2364 cm−1 (573K versus 673K for the
Rh/CeO2-LS catalyst). The proposed mechanism is described in
Scheme 1.
3.2.3. DRIFTS analysis under DR reaction conditions
The mechanism of ethanol DR over Rh/CeO2-HS was performed
at two different CO2/ethanol ratios – 1 (Fig. 6a and b) and 4
(Fig. 6c and d). First examining the experiments carried out at the
lower CO2/ethanol ratio, ethoxy bands (1385–1386, 1427–1431,
1479–1489, 2879–2880, 2901–2902, 2933, and 2970–2977 cm−1)
are prevalent in the spectra in the range of 313–373Kand their cov-
erage decreases signiﬁcantly with increasing temperature. Again,
note that signiﬁcant absorption occurred at low wavenumbers for
the Rh/CeO2-HS catalyst, and therefore, although the C–O band of
ethoxy species was detected, its intensity cannot be used to reﬂect
the changes in coverage. Bands at higherwavenumbersmust there-
fore be used for that purpose. Bands corresponding to carbonate
species are also evident (e.g., 1603, 1479 and 1333 cm−1).
As in the case of SR, rhodium carbonyl bands display
increasing intensity up to 473K and diminish thereafter.
Band maxima positions again reﬂect surface coverage
changes (313–2008 cm−1; 373–2017 cm−1; 473–2019 cm−1;
573–2008 cm−1; 673–1976 cm−1; and 773–1961 cm−1). This sug-
gests that, as in the case of SR, ethoxy species decompose directly
to CH4, CO and H2 or the dehydrogenated intermediates undergo
decomposition to produce CH4 and CO.
Acetate (1430–1436 cm−1; 1553–1556 cm−1; 2881–2888 cm−1;
2935–2936 cm−1; 2969–2970 cm−1) is already apparent in the
spectrum and 473K and becomes well-deﬁned at 573K. It could be
formed from oxidation of dehydrogenated species (e.g., acetalde-
hyde and acetyl), probably by support-bound O arising from the
decomposition of CO2 at vacancies, although one cannot exclude
hydroxyl groups generated by H2O produced from the RWGS reac-
tion. Since C–H bands are detected even up to 773K, acetate – as
opposed to carbonate – remains the most signiﬁcant species on the
surface at high temperature.
For the case of DR using a higher CO2/ethanol ratio of 4, similar
bands and general trends are retained. However, two observations
should be noted. The coverage of acetate at higher temperatures
(e.g., 573–673K) appears to be more reaction rate-limited in the
case of the higher CO2/ethanol ratio. Furthermore, at 773K, the
acetate C–H bands are not perceptible and thus, the bands in
the (OCO) range likely reﬂect conversion of acetate to carbonate
species.
It is proposed that acetate is decomposed to methane and CO2,
which undergoes conventional DR [34], utilizing both the sup-
port and metal particles in a support-mediated “carbon cleaning
mechanism”. One possible variation of the proposed mechanism is
provided in Scheme 2.
In comparison with DR results, it is evident that steam pro-
motes the forward decomposition of acetate. During SR at 473K,
the steady state coverage of acetate over the Rh/CeO2-HS catalyst,
as denoted by the low intensities of C–H stretching bands, becomes
very low as compared to the more intense acetate bands at 373K
– a strong indication that acetate is being rapidly turned over on
the catalyst surface. In contrast, during DR, C–H bands are detected
up to 773K at low CO2/ethanol ratios – and up to 673K at higher
CO2/ethanol ratios. The promoting impact of steam on forward
acetate decomposition has been noted recently for Pt/ceria [27],
Pt/ceria–zirconia [30], and Co/ceria catalysts [35]; it has been sug-
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ested to be analogous to the promoting impact of steam during
ormate decomposition as proposed by Shido and Iwasawa [36], as
ell as others, for metal/ceria catalysts during water-gas shift, and
uring formate decomposition during steam-assisted formic acid
ecomposition over Pt/ceria [37] and Pt/thoria [38] catalysts.
.3. Reactions
.3.1. SR of ethanol over CeO2-LS and CeO2-HS catalysts
The ethanol conversion and product distribution as a func-
ion of TOS obtained for CeO2-LS and CeO2-HS during SR (773K;
2O/ethanolmolar ratio =3.0) arepresented inFig. 7aandb, respec-
ively. The results indicate that both supports are very active for SR
f ethanol. The initial conversion of ethanol was 70 and 55% over
eO2-HS and CeO2-LS, respectively. After an initial period of deac-
ivation, the CeO2-HS and CeO2-LS supports remained stable at the
ame conversion (∼50%). Regarding product distribution, hydrogen
as the main product obtained (60–70%). CO2, acetaldehyde and
thylenewere also detectedover both supports. However, CeO2-HS
xhibitedhigher acetaldehyde selectivity (∼10%),whereas CeO2-LS
resented higher ethylene selectivity (∼20%).g DR of ethanol over (a) Rh/CeO2-LS (CO2/ethanol molar ratio =1.0); (b) Rh/CeO2-HS
conditions: Treaction = 773K and residence time=0.02g s/mL.
3.3.2. Ethanol decomposition (ED) and SR of ethanol over
Rh/CeO2-LS and Rh/CeO2-HS catalysts
Fig. 8a shows the ethanol conversion and product distributions
obtained for Rh/CeO2-HS catalyst during ED (H2O/ethanol molar
ratio =0.0) at 773K. Ethanol conversion signiﬁcantly decreased
from90 to25%during6hTOS.Adecrease inethanol conversionwas
accompanied by an increase in acetaldehyde selectivity as well as a
decrease in ethylene formation. The selectivities to H2, CO and CH4,
the main products of ED reaction, remained unchanged whereas
CO2 was not detected during the run.
Fig. 8b and c shows the ethanol conversion and product dis-
tribution as a function of TOS obtained for Rh/CeO2-LS (Fig. 8b),
Rh/CeO2-HS (Fig. 8c) during SR at 773K, using a H2O/ethanol molar
ratio of 3.0. For Rh/CeO2-LS catalyst, the ethanol conversion was
quite stable during 6h TOS. However, after this period, the cata-
lyst signiﬁcantly deactivated. The decrease in ethanol conversion
was followed by a small decrease in CH4 and CO2 selectivity and an
increase in CO and acetaldehyde selectivity. In the case of Rh/CeO2-
HS catalyst, ethanol conversion and product selectivities remained
constant during 28h TOS. H2 and CO2 were the main products
formed whereas no signiﬁcant formation of either ethylene or
acetaldehyde was detected during the reaction. In comparison to
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versus TOS obtained during DR of methane (CO2/CH4 molar ratio =1.0) over
Rh/CeO2-HS at (a) 773K and (b) 1073K (residence time=0.02g s/mL).04 A.M. da Silva et al. / Applied Cataly
Dreaction (Fig. 8a), this result reveals that addingwater to the feed
mproved catalyst stability as well as eliminated the formation of
2 intermediates. The addition ofwater inhibited the ethanol dehy-
ration likelydue to theshift of theequilibriumin favorof reactants.
cetaldehyde formed further reacts with water to produce H2 and
O2. The appearance of CO2 also suggests thatwater–gas shift reac-
ion is taking place. The additional increase of the H2O/ethanol
olar ratio to 10.0 improved the stability of the Rh/CeO2-LS cat-
lyst (Fig. 9a). Regarding product distribution, the selectivity to H2
nd CO2 increasedwhereas the selectivity to CH4 and COdecreased
or both catalysts (Fig. 9a and b).
Comparing the SR results obtained for the catalysts (Rh/CeO2-LS
ndRh/CeO2-HS) and the supports (CeO2-LSandCeO2-HS) it is clear
hat the addition of rhodium led to an increase in initial conversion
f ethanol, a signiﬁcant decrease in stability (for Rh/CeO2-LS) and
change in selectivity away from ethylene formation.
.3.3. DR of ethanol over Rh/CeO2
The performance of the Rh/CeO2 catalysts for DR of ethanol at
73K under a CO2/ethanol molar ratio of 1.0 is shown in Fig. 10a
ndb. Forbothcatalysts, ethanol conversionsigniﬁcantlydecreased
rom97–98% to 50–60%as a function of TOS. On the other hand, CO2
onversion was low (around 12%) and did not change during the
eaction, indicating that ethanol does not react signiﬁcantly with
O2. In fact, the ethanol decomposition reaction is likely taking
lace preferentially at this temperature, as revealed by the simi-
arity between the ethanol conversion curves for ED (Fig. 8a) and
R (Fig. 10a and b). But the product distributions were rather dif-
erent,which suggests the occurrence of another reaction pathway.
O and H2 were present approximately in equimolar quantities (at
round 40–45%) during DR of ethanol simultaneously with the for-
ation of a small amount of methane (15%) (Fig. 10a and b). This
esult suggests that the methane produced could react with CO2
ia the dry reforming of methane, leading to the formation of H2
nd CO by Eq. (7). Therefore, the dry reforming of methane at 773K
as carried out over the Rh/CeO2-HS catalyst and the results are
isplayed in Fig. 11a.
H4 +CO2 → 2H2 +2CO (7)
Themethane and CO2 conversionwere quite constant at around
6 and 18%, respectively, during 24h TOS. This result conﬁrms
hat CO2 reforming of the methane formed occurs under the DR
f ethanol reaction conditions but to a limited extent. In addition,
he low H2/CO ratio and water formation are typical of the reverse
ater–gas shift (RWGS) reaction (Eq. (8)).
2 +CO2 → CO + H2O (8)
In comparison to SR of ethanol, replacing water by CO2 signiﬁ-
antly increased the selectivity to CO whereas the selectivity to H2
ecreased, which is likely due to the occurrence of the RWGS reac-
ion. In addition, in spite of catalyst deactivation, acetaldehyde was
ot detected during DR of ethanol.
Increasing the CO2/ethanol molar ratio to 4.0 signiﬁcantly
mproved catalyst stabilitywhereas the selectivity toCH4 remained
nchanged (Fig. 10c). However, the catalyst still deactivates along
he run. Regarding product distribution, the selectivity to H2
ecreased whereas water formation increased.
.3.4. Combined SR and DR of ethanol over Rh/CeO2
Fig. 12 shows the ethanol conversion and product distribution
or the combined SR and DR of ethanol at 773K over Rh/CeO2
atalysts. Rh/CeO2-LS slowly deactivated with TOS (Fig. 12a) but
he ﬁnal ethanol conversion (50%) was higher than the one
chieved during SR of ethanol without CO2 (30%) (Fig. 8b). For
he Rh/CeO2-HS (Fig. 12b), ethanol conversion remained approx-
mately unchanged relative to the case of SR of ethanol withoutCO2 (Fig. 8c). Regarding product distribution, the addition of CO2
to the feed signiﬁcantly increased the CO selectivity whereas H2
selectivity decreased in comparison with SR of ethanol without
CO2.
The addition of CO2 to the feed may shift the equilibrium of
the Boudouard reaction (Eq. (9)) in favor of reactants and help to
diminish carbon formation. Co-feeding CO2 signiﬁcantly improved
the stability of a Pt/CeO2 catalyst during SR of ethanol at 773K
[39]. DRIFTS spectra at different temperatures under amixture con-
taining ethanol, water, and CO2 revealed that CO2 competes with
ethanol for the same adsorption sites, reducing the rate of decom-
position of the adsorbed intermediate species. This in turn directly
impacts the rate of CHx species formation, reducing catalyst deac-
tivation.2CO → CO2 +C (9)
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of spent Rh/CeO -HS (curves c and d), which agrees very wellig. 12. Ethanol conversion (Xethanol) and product distributions versus TOS
btained during combined reforming of ethanol (H2O/ethanol molar ratio =3.0 and
O2/ethanol molar ratio =4.0) over (a) Rh/CeO2-LS; (b) Rh/CeO2-HS (Treaction = 773K
nd residence time=0.02g s/mL).
.3.5. Effect of reaction temperature on DR of ethanol over
h/CeO2
Fig. 13 shows the ethanol conversion and product distribution
or the DR of ethanol at 1073K over Rh/CeO2-HS catalyst. Increas-
ng the reaction temperature from 773 (Fig. 10b) to 1073K (Fig. 13)
reatly improved the stability of the catalyst, such that ethanol
onversion remained quite constant at the higher temperature.
urthermore, the CO2 conversion signiﬁcantly increased from 12%
773K) to 88% (1073K). The selectivity to CO and H2O increased at
igh reaction temperature. These results suggest thatdry reforming
f the methane formed occurs to a greater extent at high tempera-
ure. Inorder to conﬁrmthisproposal, thedry reformingofmethane
eaction at 1073K was carried out over Rh/CeO2-HS catalyst and
he results are presented in Fig. 11b. The methane conversion was
pproximately complete while the CO2 conversion was very sim-
lar to that observed during DR of ethanol. Therefore, the increaseFig. 13. Ethanol conversion (Xethanol) and product distributions versus TOS
obtained during DR of ethanol (CO2/ethanol molar ratio =1.0) over Rh/CeO2-HS
(Treaction = 1073K and residence time=0.02g s/mL).
of reaction temperature promotes the occurrence of the methane
dry reforming reaction. In addition, the formation of water indi-
cates that RWGS reaction takes place, which explains the H2/CO
ratio lower than 1.0.
According to the reaction mechanism proposed, ethanol may
react through two different routes: (i) ethanol dehydrogenation to
acetaldehyde and acetyl species, which may undergo decomposi-
tion to CO, H2 and CHx species or (ii) ethanol oxidation to acetate
and carbonate species followed by decomposition to CO, CO2 and
CHx species. Regardless of the reaction pathway, these CHx species
formed react to a great extent with CO2 and water formed at high
temperature,which explains complete ethanol and CH4 conversion
as observed in Figs. 11b and 13.
3.4. Catalyst deactivation
3.4.1. Raman analysis after SR and DR over Rh/CeO2-LS and
Rh/CeO2-HS catalysts
Fig. 14 shows the Raman spectra of the Rh/CeO2 catalysts after
different reaction conditions. The Raman spectra of Rh/CeO2-LS
after SR underH2O/ethanolmolar ratio of 3.0 or 10.0 exhibits bands
at 1321–1356 and 1584–1588 cm−1 (curves a and b). These bands
are characteristic of carbon materials revealing the deposition of
carbon over the Rh/CeO2-LS catalyst surface during SR. In addition,
increasing the H2O/ethanol molar ratio from 3.0 to 10.0 decreased
the intensityof thebandsassociatedwithcarbondeposits. Theband
at around 1580 cm−1, the so-called G-mode, is a measure of the
presence of ordered carbon [40]. The presence of more disordered
structures leads to the appearance of bands at 1357 cm−1 (D-band),
1620 cm−1 (D′-mode) and 2450 cm−1 (2D-mode) [41]. The D-band
at around 1356 cm−1 has been related to defects or the presence of
nanoparticles and amorphous carbon [40].
Regardless of the H2O/ethanol molar ratio, no bands typical
of carbonaceous material were detected in the Raman spectra2
with the absence of catalyst deactivation during the catalytic
tests.
The Raman spectrum of Rh/CeO2-LS after DR under a
CO2/ethanolmolar ratio of 1.0was similar to that observed after SR,
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isplaying the characteristic D and G bands (1328 and 1598 cm−1)
curve e). DR of ethanol over Rh/CeO2-HS led to the formation of
arbon as revealed by the presence of bands corresponding to car-
onaceousmaterials in the Raman spectrum (curve f). These results
re in agreement with the catalytic tests because both catalysts
nderwent signiﬁcant deactivation during the DR of ethanol reac-
ion. The bands characteristic of carbonaceous materials are still
resent even after increasing the CO2/ethanol molar ratio to 4.0
curve g).
The Raman spectrum of Rh/CeO2-HS after DR of ethanol at
073K (curve h) did not detect any bands typical of carbonaceous
aterials, which explains the stability of this catalyst. It is impor-
ant to stress that the amount of carbon formed in the differentunder DR at 773K over (e) Rh/CeO2-LS, CO2/ethanol molar ratio of 1.0; (f) Rh/CeO2-
an spectra after 6h under DR at 1073K; Raman spectra after 30h under combined
r (i) Rh/CeO2-LS; (j) Rh/CeO2-HS.
experiments was always below the detection limit of our TGA
instrument.
Curves i and j display the Raman spectra of Rh/CeO2 catalysts
after combined reforming of ethanol at 773K. Bands at 1320–1328
and 1599 cm−1 indicate that carbon deposition still takes place,
which is consistent with the results of catalytic testing.
3.4.2. DRIFTS spectra obtained during reaction under a steady
ﬂow of the ethanol +water mixture
DRIFTS spectra were recorded during 6h under a steady ﬂow
of the ethanol +water mixture (H2O/ethanol molar ratio of 2.0)
at 773K for the Rh/CeO2-LS (Fig. 15a) and Rh/CeO2-HS (Fig. 15b)
catalysts.
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Rhodium carbonyl bands display a very slow, but steady
ecrease in intensity as a function of time suggesting a slowly
ecreasing coverage with time onstream for Rh/CeO2-LS catalyst.
andmaximaare located at: initially, 2031and1902 cm−1 andafter
h, 2025 and 1894 cm−1 over Rh/CeO2-LS; and initially, 2007 cm−1
nd 1836 cm−1 and after 6h, 2002 and 1844 cm−1 over Rh/CeO2-
S catalysts, respectively. At the same time, bands in the (OCO)
tretching region of carbonates and acetate increase signiﬁcantly
ith time on stream for Rh/CeO2-LS whereas the intensity of those
ands remainquite constant for Rh/CeO2-HS. For Rh/CeO2-LS, there
s a series of bands with two major band maxima (initially: 1513
nd 1372 cm−1 with a shoulders at 1640 and 1275 cm−1 and after
h, the maxima are positioned at 1514 and 1373 cm−1). However,
ith Rh/CeO2-HS, there is a series bands and one major maximum
initially: 1480 cm−1 and after 6h, the maximum shifts slightly
−1o 1481 cm ). The difference suggests that the carbonate/acetate
atio is higher in the case of the Rh/CeO2-HS catalyst.
With a Pt/CeZrO2 catalyst, we previously observed a similar
rend, in that the Pt carbonyl bands decreased, while those of
cetates/carbonates increased in intensity [42]. By correlating thenvironmental 102 (2011) 94–109 107
trend with increased carbon deposition, it was proposed that the
ability of the metal particles to participate in hydrogen transfer
reactions was increasingly inhibited with TOS. These reactions
in the catalytic cycle were proposed to operate at the interface
between the Pt metal particles and the CeZrO2 active support,
where the oxygenate intermediates reside. Thus, a diminishing
metallic function caused increased bottlenecking, resulting in a
steadily increasing inventory of oxygenate intermediates as a func-
tion of time on stream. The same deactivation mechanism appears
to be at work with Rh/CeO2.
One important difference is observed, however. In the case of
Pt/CeZrO2, after 6h the Pt carbonyl bands lost 44.2% of their inten-
sity. With the Rh/CeO2-LS catalyst, only 25.3% of the Rh carbonyl
intensity was lost. This suggests that Rh metal is more resistant to
carbon deposition during C–C bond breaking reactions relative to
Pt. Interestingly, theRh/CeO2-HS catalyst didnot display signiﬁcant
loss of its initial intensity. It is not clear if this additional improve-
ment is attributed to enhanced carbon removal due to an increased
surface fugacity of –OH as a result of improved metal-support
interfacial area due to the higher surface area support and small
Rh particles. For example, increasing H2O/ethanol ratio improved
stability somewhat over Pt/CeZrO2 [42]. However, another expla-
nation may be an increased resistance due to a smaller Rh particle
ensemble size.
3.5. General discussion
Catalyst stability is probably the most important issue dur-
ing ethanol conversion reactions to produce hydrogen. The loss in
activity of Rh/MgO and Rh/Al2O3 catalysts during SR of ethanolwas
attributed to carbon formation [16,43]. TEM images of a Rh/Al2O3
spent catalyst shows the presence of amorphous carbon encapsu-
lating the metal particles, which leads to catalyst deactivation [43].
Rh/CeZrO2 catalyst signiﬁcantly deactivated during SR of ethanol
even at a high steam-to-ethanol molar ratio (H2O/ethanol =8.0),
which was explained by carbon deposition [14]. According to
Platon et al. [15], these carbonaceous deposits correspond to reac-
tion intermediate residues. These carbon-containing intermediates
were less stable at higher reaction temperatures. They suggested
that ethylene and acetone were the main intermediate products
responsible for deactivation. Erdohelyi et al. [12] proposed that
the deactivation of supported noble metal catalysts was caused by
the accumulation of acetate-like species over the support, which
was suggested to inhibit the migration of ethoxy species from the
support to the metal particles and, in turn, their decomposition.
Recently, we have studied the deactivation mechanism of
Pt/CeO2 and Pt/CeZrO2 catalysts during SR [39,42]. DRIFTS mea-
surements under reaction conditions revealed that the rate of
acetate species decomposition decreased during the reaction, lead-
ing to their accumulation on the catalyst surface. However, the
accumulation of acetate species on surfaces of the Pt/CeO2 and
Pt/CeZrO2 catalysts was suggested to be symptomatic and not the
root cause for the deactivation of the supported Pt catalysts. It was
proposed that the unbalance between the rate of decomposition of
acetate species to CO and CHx species and the rate of desorption of
CHx species as CH4 lead to the accumulation of carbon deposits and
blocking of the Pt-support interface, resulting in catalyst deactiva-
tion. Because Pt becomes increasingly obstructed by carbon thus
hindering its ability to participate in hydrogen transfer reactions
(e.g., demethanation of acetate), the loss in the Pt-support inter-
face results in an increasing steady state coverage of acetate species
with respect to time on stream (TOS).
In our work, there is a direct correlation between catalyst deac-
tivation and carbon deposition as revealed by Raman studies. In
fact, according to the reaction mechanism proposed for the SR and
DR of ethanol, the CHx species formed may desorb as methane or
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ay be further dehydrogenated leading to the accumulation of car-
on deposits (Eq. (10)) and obstruction of the Rh-support interface,
esulting in catalyst deactivation.
H3∗ → CH2∗ +H∗ → CH∗ +H∗ → C∗ +H∗ (10)
The dry reforming of CH4 formed by the decomposition of car-
on species may contribute to a reduction in the accumulation
f CHx species at the Rh-support interface. The CO2 reforming
f methane has been explained by a two-step mechanism that
nvolves the simultaneous occurrence of CH4 decomposition on the
etal particles, resulting in the formation of hydrogen and carbon,
nd of CO2 dissociation on oxygen vacancies of the support [34,44].
n this dual path mechanism, the role of the support is very impor-
ant. It participates in the dissociative adsorption of CO2 near the
etal particles, transferringoxygen to themetal surfaceandgreatly
ccelerating the removal of carbon formed from the metal, produc-
ng CO. Taking into account this reaction mechanism, the density of
xygen vacancies available should be fundamental to the stability
f the catalyst during the DR of ethanol.
The oxygen storage capacity of the Rh/CeO2-HS catalyst
672mol O2/gcat) was considerably higher than that of the
h/CeO2-LS catalyst (285mol O2/gcat). In spite of its high concen-
ration of oxygen vacancies, the Rh/CeO2-HS catalyst signiﬁcantly
eactivated during DR of ethanol at 773K, as did the Rh/CeO2-
S catalyst, indicating that the carbon removal mechanism is not
orking efﬁciently. In fact, the extent of the dry reforming of
ethane during DR of ethanol is not signiﬁcant at this low reaction
emperature and thus the support does not contribute to catalyst
tability. However, the redox properties of the ceria support sig-
iﬁcantly improve catalyst stability during SR of ethanol at 773K.
h/CeO2-HS catalyst was quite stable during SR of ethanol under
H2O/ethanol molar ratio of 3.0, while Rh/CeO2-LS catalyst lost
ts activity very quickly. In the literature, no deactivation was also
bserved for a Rh/CeO2 catalyst in the case of OSR of ethanol [18].
he authors also proposed that ceria inhibited coke deposition
hrough oxygen transfer from ceria to Rh particles, thereby con-
ributing to carbon removal from Rh particles. For SR of ethanol
t low reaction temperature and H2O/ethanol molar ratio of 3.0,
ypical Rh/CeO2 catalysts generally deactivate due to carbon depo-
ition [12]. In our work, the high stability of Rh/CeO2-HS catalyst
s a quite unusual result and demonstrates the efﬁciency of the
eria preparation method to promote carbon removal. During SR,
ater dissociates on the oxygen vacancies producing OH groups
30]. These Type II bridgingOHgroupsmay reactwith acetaldehyde
o produce acetate species, as well as assist in the forward acetate
emethanation reaction. In addition, the OH groups promote the
arbon gasiﬁcation reaction and thus inhibit carbon deposition.
herefore, Rh/CeO2 obtained by the high surface area preparation
ethod is a promising catalyst for carrying out the SR of ethanol
ith signiﬁcantly less carbon deposition and high activity and
electivity toward hydrogen.
. Conclusions
High and low surface area unpromoted and supported Rh/ceria
atalystswere examined for ethanol steamand dry reforming reac-
ions. The unpromoted catalysts were active and relatively stable
or ethanol steam reforming, but the selectivities were poor, due to
ackof C–C scission.While thehigh surface area ceria exhibitedhigh
cetaldehyde selectivity, the low surface area catalyst produced a
igh selectivity to ethylene.
In comparisonwith our earlierworkwith Pt/ceria, in situDRIFTS
esults indicate that although similar bifunctional mechanisms
elying on both support and the metal particles prevail for these
eactions over Rh/ceria, Rh is better able to handle C–C scission.
[
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DRIFTS results as a function of temperature suggest that ethanol
adsorbs dissociatively at reduced centers to yield a Type II ethoxy
species and hydrogen adsorbed as a Type II bridging OH group.
The ethoxy species undergo oxidative dehydrogenation to acetate
species by addition of O provided by the support from species
such as Type II bridging OH groups (e.g., during steam reforming)
or O adatom provided by the decomposition of CO2 at vacancies
(e.g., during dry reforming). Acetate undergoes demethanation to
form carbonate intermediate with the assistance of Rh, and further
steam/dry reforming of the CHX species occurs on the metal par-
ticle. Interestingly, during ethanol steam reforming, as a function
of time onstream the Rh carbonyl bands were found to maintain
intensity much longer than Pt carbonyl bands, suggesting that Rh
is more resistant to carbon deposition. In SR reaction testing, the
Rh/CeO2 high surface area catalyst exhibited better stability than
the low surface area catalyst, which is likely attributed to a greater
fugacity of available O from the support to assist in removing car-
bonaceous species. In agreement with this, carbonaceous deposits
were detected only on the Rh/CeO2 low surface area catalyst by
Raman spectroscopy. This oxygenmay come fromeitherO adatoms
where the cerium atoms involved with the O adatoms are Ce4+ oxi-
dation state or O-containing surface species like Type II OH groups,
where the cerium atoms involved are the Ce3+ oxidation state.
Likewise, increasing the H2O/ethanol ratio improved stability. The
participation of Rh in C–C bond cleaving reactions improved the
selectivity toward hydrogen and away from ethylene and acetalde-
hyde.
In dry reforming, replacing H2O with CO2 increased the selec-
tivity to CO, but the H2 selectivity decreased due to RWGS. As
with steam in steam reforming, increasing the CO2/ethanol ratio
improved stability during dry reforming. Nevertheless, deactiva-
tion was more signiﬁcant in the case of dry reforming relative to
steam reforming. In agreement with this, bands typical of carbona-
ceous deposits were observed in Raman spectroscopy. A run was
carried out using combined steam and CO2 reforming, but the cat-
alyst also exhibited instability due to carbon buildup. Finally a dry
reforming run conducted at higher temperature (1073K) resulted
in improved stability, most likely due to the reverse Boudouard
reaction, and Raman bands for carbon deposits were no longer
detected.
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